To study potential ionic factors predisposing to vascular disease in hypertension, particularly among black subjects, we used a recently developed combined magnesium and calcium specific, ion selective electrode apparatus to measure extracellular ionized calcium (Ca-ion), ionized magnesium (Mg-ion), and Ca-ion/Mg-ion ratios in the serum of fasting, nonmedicated white and black normotensive (n ‫؍‬ 61) and hypertensive (n ‫؍‬ 23) subjects, studied consecutively in a tertiary referral center.
T
here is a well known excess of hypertension and its sequelae in the black population. This predisposition extends not only to the prevalence and severity of hypertension, 1 but to the organ system complications associated with it, including left ventricular hypertrophy, 2 hypertensive nephropathy, 3 stroke, 4 and overall cardiovascular mortality. 5 Despite these consistent epidemiologic data, the biologic basis underlying this excess morbidity and mortality in black populations remains undefined.
Our group has attempted to understand hypertension and its cardiovascular complications by studying mineral ion metabolism and its hormonal and intra-cellular consequences. 6 Specifically, we have demonstrated the presence of excess intracellular free calcium levels and suppressed free magnesium levels in hypertension that were closely linked to the height of the blood pressure, to the degree of cardiac hypertrophy, and to the hyperinsulinemia and insulin resistance characteristic of hypertension. 7 Indeed, we have suggested an ''ionic hypothesis'' in which hypertension, as well as its metabolic and cardiovascular consequences, are all different clinical manifestations of a common defect in cell ion handling. 8 We wondered to what extent these concepts might also provide insights into the greater prevalence and pathologic consequences of hypertensive vasculopathies among black subjects. Indeed, magnesium deficiency, as well as calcium excess have been implicated in the pathogenesis of hypertension and atherosclerosis.
9,10 Therefore, we studied the distribution of extracellular ionized calcium and magnesium in fasting black and white subjects, using a newly available ionspecific electrode apparatus.
11
Our preliminary results demonstrate that both elevated blood pressure and racial factors are associated with an altered distribution of serum ionized magnesium, but not ionized calcium values. Thus, hypertension is associated with lower Mg-ion values, and black individuals, independently of their blood pressure status, exhibit lower serum ionized magnesium levels compared with white control subjects. We suggest that the resulting increased calcium:magnesium ratio among these groups may contribute to the incidence and severity of vascular disease in black or hypertensive populations.
METHODS
Nonmedicated normotensive and essential hypertensive black and white subjects free of other known diseases were studied after an overnight fast at the Cardiovascular Center of the New York HospitalCornell Medical Center. Normotensive subjects were recruited from among a working population designed to reflect the demographic characteristics of the general population in New York City, as part of a prospective study on the incidence of cardiovascular disease in a general population. Essential hypertensive subjects were diagnosed on the basis of elevated blood pressure readings found repeatedly to be Ͼ150/95 mm Hg, in the absence of physical diagnostic or laboratory evidence of secondary hypertension. Blood samples for analysis (see below) were obtained as part of ongoing protocol studies approved by the Scientific Advisory and Human Rights committees.
Blood was drawn in the seated position in the Cardiovascular Center of the New York Hospital-Cornell Medical Center. Blood samples were analyzed for serum total and ionized magnesium (Mg-ion) and for serum ionized calcium (Ca-ion). Total magnesium levels were measured by standard automated techniques. Blood for serum ionized magnesium (Mg-ion) was drawn into air evacuated glass tubes containing an inert cell separating matrix. After clotting and centrifugation the tubes were inverted and serum was drawn off into a syringe anaerobically, the latter being capped and sent for analysis. A magnesium ion selective electrode (ISE) with a neutral carrier based membrane was used to measure serum ionized magnesium. As previously described, 11 this new ISE for free magnesium gives equivalent values of Mg-ion in samples of blood, serum, or plasma. The same selective ion apparatus, equipped with a calcium-specific electrode, was also used to concurrently measure serum ionized calcium values.
All data were analyzed by two-way analysis of variance (ANOVA), with statistical significance assessed by post hoc t tests for all means (Bonferroni-Dunn) to test the effects of both blood pressure status (hypertensive versus normotensive subjects) and race (black versus white subjects) (Super Anova, Abacus Concepts, Berkeley, CA). All data are reported as the means Ϯ SEM.
RESULTS
The age, sex distribution, weight, and renal function of the hypertensive subjects did not differ significantly between black versus white subjects, or between normotensive versus hypertensive individuals. Both systolic and diastolic pressure were elevated in hypertensive compared with normotensive controls, but did not differ between black versus white subjects in either blood pressure group.
For the group as a whole, independent of race, Mg-ion values were significantly lower in hypertensive (n ϭ 23, HiBP), compared with normotensive (n ϭ 61, NlBP) subjects (0.601 Ϯ 0.005 v 0.571 Ϯ 0.012 mmol/L, P Ͻ .01). When analyzed further, however, it was observed that this difference was only significant among white individuals (NlBP: 0.620 Ϯ 0.006 v HiBP: 0.579 Ϯ 0.021 mmol/L, P ϭ .0095), but not among black subjects, in whom Mg-ion levels among normotensive and hypertensive individuals did not significantly differ (NlBP: 0.577 Ϯ 0.007 v 0.553 Ϯ 0.012 mmol/L, P ϭ .1609) ( Table 1) . Indeed, the most significantly different results were observed in normotensives, among whom black subjects exhibited significantly lower Mg-ion values than did whites (0.577 Ϯ 0.007 v 0.620 Ϯ 0.006 mmol/L, P ϭ .0001 ( Figure 1A ). There were no significant differences in male versus female subjects, between either different blood pressure or racial groups. These results were also observed when serum total magnesium values were analyzed; lower values were found among black versus white normotensives (0.818 Ϯ 0.012 v 0.878 Ϯ 0.007 mmol/L, P ϭ .0001), but not hypertensives (0.78 Ϯ 0.02 v 0.82 Ϯ 0.02, NS).
Fasting serum ionized calcium levels, obtained concurrently, did not differ among any of the groups, being the same for normotensives as a whole versus hypertensives (1.21 Ϯ 0.004 v 1.21 Ϯ 0.012 mmol/L, P ϭ .713), for white normotensives versus hypertensives (1.21 Ϯ 0.004 v 1.22 Ϯ 0.015 mmol/L, P ϭ .5217), and for black versus white normotensives (1.21
Ratios of Ca-ion to Mg-ion were also calculated as an index of the net divalent ion contribution to vascular tone. 12 A greater Ca-ion/Mg-ion ratio was found in hypertension compared with normotensives for all subjects (HiBP: 2.13 Ϯ 0.04 v NlBP: 2.02 Ϯ 0.02, P ϭ .004), and among hypertensive v normotensive whites (HiBP: 2.104 Ϯ 0.07 v NlBP: 1.955 Ϯ 0.02, P ϭ .0025), but not blacks (HiBP: 2.191 Ϯ 0.04 v 2.097 Ϯ 0.03, P ϭ .1184). This was again because normotensive black subjects already had an elevated Ca-ion/Mg-ion ratio compared with similarly normotensive whites (blacks: 2.097 Ϯ 0.03 v 1.955 Ϯ 0.02, P ϭ .0001) ( Figure 1B ).
DISCUSSION
Hypertension, as well as its clinical-pathological consequences, are more prevalent in black populations, and are associated with an earlier onset, increased severity, and greater target organ damage. 1 Mild to moderate hypertension is 1.5 to 2 times more prevalent in blacks than in whites, with severe hypertension being 5 to 7 times more prevalent. 1 The annual rate of referral for end-stage renal disease in one study was 4.2 times greater for blacks than for whites, and in hypertensives, was 17.7 times higher in blacks than in whites.
3 Left ventricular hypertrophy, by electrocardiographic criteria, exhibits a 2-to 4-fold greater prevalence in hypertensive blacks compared with their white counterparts. 2 Stroke is 2 to 3 times more likely in black versus white populations, even without concurrent hypertension. 4 Despite these consistent epidemiologic data, the biologic basis underlying this excess morbidity and mortality in black populations has remained undefined.
Our approach to this problem has emphasized the role of mineral ions in general, and of magnesium in particular, in the pathophysiology of hypertension, insulin resistance, and diabetes mellitus. 6, 7, 9 We have focused on magnesium as well as calcium because magnesium is the major intracellular divalent cation, regulating enzyme function, modulating cellular responsiveness to physiological stimuli such as calcium, and thus steady state organ activities including car- diac output, vasoconstrictor tone, pancreatic insulin secretion, and peripheral insulin sensitivity. 9, 13 In normal populations, lower serum magnesium levels with age are associated with higher blood pressures. 14 Pathologically, both essential hypertension and noninsulin-dependent diabetes mellitus (NIDDM) are associated with significantly suppressed intracellular free magnesium levels, 7 which, in turn, are inversely related to the height of the pressure and the degree of insulin resistance-the lower the magnesium, the higher the pressure and the greater the hyperinsulinemic response to oral glucose loading. Consistent with this, the ability of oral and parenteral magnesium administration to lower blood pressure and to ameliorate diabetes have been long known and have recently been rediscovered. 15 Furthermore, experimentally induced magnesium deficiency can cause vasoconstriction, increase platelet aggregation, produce insulin resistance, and accelerate atherosclerosis. 9, 10, 16 Altogether these observations led us to reason that chronically lower steady state levels of magnesium, or an imbalance between circulating calcium and magnesium, 9,11 might predispose to and potentiate hypertensive, diabetic, or atherosclerotic vascular disease. As such, we hypothesized that these alterations would most likely be found in patient groups predisposed to or suffering from these diseases. Our results suggest that this may indeed be the case.
TABLE 1. SERUM LEVELS OF TOTAL MG (MG-TOT), IONIZED MG (MG-ION), AND IONIZED CALCIUM/IONIZED MG RATIOS IN NORMOTENSIVE (NlBP) AND HYPERTENSIVE (HiBP) SUBJECTS GROUPED ACCORDING TO RACE

Group
Mg-tot (mmol/L) Mg-ion (mmol/L) Ca-ion/Mg-ion
Technically, the lack of a routinely available, accurate, and physiological measurement of magnesium has long hampered progress in this area. The measurement of free cytosolic magnesium has only recently been possible with the advent of nuclear magnetic resonance (NMR) spectroscopic techniques, 17 and fluorescent probes. In the extracellular space, although serum ionized calcium measurements have long been available, we have only recently described a new, ion specific electrode apparatus for measuring serum ionized magnesium in healthy subjects. 11 Using this technique, we have demonstrated significant suppression of circulating ionized magnesium in mild, fasting diabetic subjects, even when no such differences in serum total magnesium were apparent. These extracellular magnesium levels were, in turn, closely related to concurrently measured intracellular free magnesium values. 18 In this study, we used ion specific electrode techniques to measure both serum ionized calcium and magnesium in normotensive and in hypertensive subjects. We observed: 1) lower circulating levels of serum ionized magnesium in white individuals with essential hypertension, compared with normotensive white control subjects; 2) racial differences in serum ionized magnesium levels among normotensive subjects in otherwise healthy black adults having lower serum ionized magnesium levels compared with those of normotensive white control subjects; and 3) a higher ratio of serum ionized calcium to serum ionized magnesium in hypertensive versus normotensive white subjects and in black versus white normotensives. These data further support the association of magnesium depletion with hypertension and suggest that racial differences in magnesium status may also help to explain the predisposition of black populations to vascular diseases and their complications. This latter notion is further supported by the finding of higher Ca-ion/Mg-ion ratios in the same patient groups having lower absolute Mg-ion levels, as this ratio has been directly related to the potential for arterial calcification in experimental models of atherosclerosis. 10, 11 A few caveats need to be considered in interpreting these preliminary data. First, because lower magnesium levels were found in black subjects in the absence of overt hypertensive disease, magnesium depletion of this modest degree cannot per se account for hypertension, with other as yet undefined concomitant factors presumably needed for the emergence of elevated blood pressure. This is also consistent with suppressed levels of intracellular free magnesium found in other nonhypertensive conditions such as non-insulin-dependent diabetes mellitus. 6, 8, 18 We have not assessed intracellular free magnesium values in a sufficient number of normotensive and hypertensive black subjects to be able to determine whether the equally low serum ionized magnesium values in normotensive and hypertensive black subjects are also true for the intracellular ionic species. Thus, lower magnesium levels, whether intracellular or extracellular, may be a necessary but not sufficient condition for the onset of hypertension. Second, the use of serum ionized magnesium measurements as an accurate reflection of tissue magnesium levels needs to be better documented. The close correspondence between intracellular free magnesium levels, as assessed by NMR spectroscopy in peripheral red blood cells, and the concurrently measured serum ionized magnesium level 18 needs to be extended to the evaluation of intracellular free magnesium levels in organ systems that are critical targets for hypertensive and diabetic vascular disease, such as brain, heart, and kidney. Preliminary reports in essential hypertensive subjects suggest an intracellular free magnesium deficit in situ in brain and skeletal muscle, similar to previous reports in peripheral blood cells. 19 Third, these measurements, both serum ionized magnesium and intracellular free magnesium, as well as serum ionized calcium, all need to be made in the fasting state, as was done here. This is because intracellular free magnesium and calcium levels change following oral glucose ingestion and in vitro glucose and insulin incubation, 20 which appears to be equally and inversely true for serum magnesium and calcium in the extracellular compartment. 21 Failure to evaluate subjects in the fasting state may thus obscure differences between hypertensive and normotensive subjects. Fourth, much larger numbers of subjects will need to be evaluated to confirm and extend these findings. Lastly, the pathophysiologic mechanism(s) underlying these data is unknown, and measurements of dietary mineral intake, circulating mineral regulating hormones, other markers of overall mineral balance, and other factors not measured in this preliminary study, whether dietary-environmental or genetic-physiologic, need to be considered in future studies.
